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The effect on the catalytic conversion of the hydrocarbon species of the addition of hydrogen 24 upstream the catalyst has been also investigated. The highest hydrocarbon engine-out emissions were 25 produced for HCCI engine operation at low engine load operation. The catalyst was able to remove 26 most of the hydrocarbon species to low levels (below the permissible exposure limits) for standard 27 and most of the advanced combustion modes, except for naphthalene (classified as possibly 28 carcinogenic to humans by the International Agency for Research on Cancer) and methyl-naphthalene 29 (which has the potential to cause lung damage). However, when hydrogen was added upstream of the 30 catalyst, the catalyst conversion efficiency in reducing methyl-naphthalene and naphthalene was 31 increased by approximately 21%. This results in simultaneous fuel economy and environmental 32 benefits from the effective combination of advanced combustion and novel aftertreatment systems.
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Introduction 40
The motor vehicle is a significant cause of air pollution and human health hazards, especially in 41 urban areas. Automotive exhaust emission regulations are, therefore, becoming progressively stricter 42 due to increasing awareness of the hazardous effects of the chemicals released by road traffic. These 43 include environmental issues such as photochemical smog and undesirable health effects, which are 44 caused by hydrocarbon species emitted into the atmosphere. Furthermore, it is well known that skin, 45 lung and bladder cancer is associated with polycyclic aromatic hydrocarbons (PAHs) 
51
Gasoline direct injection engines are seen as the future of commercial internal combustion engine 52 powertrains due to their benefits on fuel economy and gaseous emissions. However, it is reported that 53 the levels of PM produced by these engines are higher than port fuel injection engines and diesel 54 engines equipped with a diesel particulate filter, thus there is an increased need to investigate the 55 emission of PM [7] and PAHs [8] by GDI engines. Due to their low emissions of NO x and particulate 56 matter (PM) as well as their fuel economy benefits, HCCI and lean burn engines have been also seen 57 as enablers for cleaner vehicles. During lean combustion operation more air than needed for the 58 combustion is induced to the cylinder in order to favour the complete oxidation, this leads to 59 improvements in fuel economy and in-cylinder emissions formation. However, the presence of 60 oxygen in the exhaust dramatically reduces the NOx performance of a conventional TWC. On the 61 other hand, in HCCI the target is to achieve low combustion temperatures and locally lean conditions 62 in order to reduce NOx and PM, although HCCI results in high levels of CO and unburnt total 63 hydrocarbons emissions (THC) due to the low in-cylinder combustion temperature. Furthermore, lean 64 HCCI leads to high levels of CO and unburnt HCs as well as the presence of oxygen in the exhaust. 
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The overall objectives of this study are to analyse different medium-to-heavy hydrocarbon species 102 formed under HCCI and SI stoichiometric and lean engine operation, and to understand the influence 103 of hydrogen addition on a catalyst in reducing these compounds. Hydrocarbon speciation (C 5 to C 11 ) 104 of the exhaust gases from HCCI/SI engine operation before and after the catalyst was therefore carried 
134
Hydrogen addition -H 2 was added to the engine exhaust upstream of the catalyst and was 135 measured using a gas chromatograph (Hewlett-Packard Model GC-5890) fitted with a thermal 136 conductivity detector (GC-TCD).
137
Hydrocarbon speciation -There is no standard procedure for measuring specific HC species, as 
183
low temperature and high HC emissions) are challenging for efficient catalyst operation (Table 5 ).
184
The (Table 5) . Under HCCI 211 stoichiometric operation, increasing the engine load reduces the total hydrocarbon species in the range 212 of C 5 to C 8 , while increasing the naphthalene and methyl-naphthalene engine output emissions (Table   213   6 ). This phenomenon could be attributed to the higher in-cylinder temperature at high load which 214 could increase the reaction rate of naphthalene formation through the fusion of two benzene rings.
215
Further reaction pathways will form methyl-naphthalene, by replacing the hydrogen atoms by methyl 
238
As expected, hydrocarbon conversion over the catalyst was significantly improved for HCCI lean 239 operation (second zone of the catalyst is also active thanks to the higher oxygen availability) and at 240 high engine load conditions (higher exhaust gas temperatures activating all the three catalyst layers).
241
For instance, the conversion of iso-pentane was approximately 63% during HCCI stoichiometric 406 Combustion and Flame, 1999. 118: p. 459-468. M A N U S C R I P T
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18 Table 4 Chemical 
HCCI + Lean HCCI+Lean+H2
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Toxic non-regulated hydrocarbon compounds C 5 -C 11 from modern GDI engine were analysed
The analysis was carried out for stoichiometric and lean combustion engines.
The catalyst ability to control heavy HC (C5 -C11) was also studied Naphthalene and methylnaphthalene were the most resistant compounds
Hydrogen addition in the catalyst improved methylnaphthalene and naphthalene reduction
